A new method is shown for lower temperature preparation of tungsten oxide thin film by sol-gel process without using a catalyst, but using tungsten chloride (WCIs) as the starting material and ethanol as a sol vent. When WCIs dissolved in ethanol, tungsten ions and ethanol formed tungsten ethoxides. Thin films prepared from the solution above 300°C did not contain organics or chloride. Tungsten oxide (W03) crystallized at temperatures above 350°C. The electrical and optical properties of the thin films were measured. Amorphous thin films showed electrochromism, but polycrystalline thin films did not. The relative transmittance of the amorphous thin films decreased to 45% on application of 3 V for 1 s. [Received June 15,1998; Accepted January 20, 199911 Key-words : Tungsten oxide, Electrochromic material, Sol-gel process, Thin film 1, Introduction Electrochromism is a phenomenon in which the color of a material changes on application of a voltage. Numerous elec trochromic materials are now being discovered. It has been reported by Deb in 19731)'2) that tungsten trioxide (W03) is an electrochromic material. The W03 structure is oc tahedral with six oxygen atoms and one tungsten atom. W03 is transparent in the visible light range. When elec trons and protons (or alkaline metal ions) are injected into W03, its structure changes to perovskite. The electric charge of tungsten is changed from 6 + to 5 + . The color of tungsten oxide then changes from transparent to blue. When injected electrons and ions are removed from W03, the color of the W03 changes from blue to transparent.
1, Introduction
Electrochromism is a phenomenon in which the color of a material changes on application of a voltage. Numerous elec trochromic materials are now being discovered. It has been reported by Deb in 19731) ' 2) that tungsten trioxide (W03) is an electrochromic material. The W03 structure is oc tahedral with six oxygen atoms and one tungsten atom. W03 is transparent in the visible light range. When elec trons and protons (or alkaline metal ions) are injected into W03, its structure changes to perovskite. The electric charge of tungsten is changed from 6 + to 5 + . The color of tungsten oxide then changes from transparent to blue. When injected electrons and ions are removed from W03, the color of the W03 changes from blue to transparent.
W03 (transparent) +xM++xe~ ---* M xWO3(blue) (0<x1) (1) where M is hydrogen or an alkaline metal.
The basic construction of an electrochromic display (ECD) using W03 was designed by 3)-5) Application to window glass makes it possible to change the solar optical permeation in summer and winter. As a result, the electric power consumption of air conditioners can be reduced. Color change response depends on the diffusion coefficient of ions in the electrochromic material. The ion diffusion coefficient of amorphous material is higher than that of crystalline material, because the density of amor phous material is lower. If the thin film having low density is made, the response speed of the display will be fast.
Tsuchiya and co-workers6~ repoted preparation and elec trical properties of tungsten bronze thin films by precipitate process. This process needs high treated temperature. A sol-gel process can be used to prepare ceramics and glasses at lower temperatures than conventional sintering processes.7~,8~ In general, the sol-gel process uses metal alkoxides or metal salts as raw materials. Certain kinds of alcohol are used as organic solvents. But, metal alkoxides are more expensive than metal salts. These materials are very difficult to handle.
Reagan and Brubaker9~ reported a method for obtaining tungsten alkoxide from WOC14 and NaOC2H5. This process uses an exchange reaction between WOC14 and NaOC2H5.
In this process, it is necessary to separate precipitated NaCI from the solution. Organic solvents (i.e., benzene) having a high boiling point are used for the separation. This process has several problems, due to use of an organic solvent hav ing a high boiling point and to the presence of NaOCZH5 in the solution. Preparation of thin films from the solution in cluding organic solvents having a high boiling point is needs high temperature heat treatment for organics burning. Therefore, if Na ions remain in W03, and color of W03 is blue. It is difficult to be removed all Na ions from W03. This paper shows a method for lower temperature preparation of tungsten oxide thin film by a sol-gel process without a catalyst using tungsten chloride as the starting material and ethanol as a solvent. The composition of the coating solutions were investigated. An ECD consisting of li quid electrolyte and W03 thin film on indium tin oxide ( ITO) coated glass substrate was prepared. The optical pro perty of the ECDs were investigated.
2. Experimental procedure A coating solution for preparing W03 thin films was prepared from hexa-chlorotungsten-anhydrous (WC16) and ethanol. WC16 was dissolved in ethanol in a dry box filled with dry N2 gas. Three kinds of solution were prepared. Compositional analyses of the prepared solution and thin films were performed using a Shimadzu UV-3000 spec trometer and Shimadzu FT-1R4200 system. The coating solution was observed by EX-400 13C-NMR. CDC13 in serted in the sample pipe was used for compensation of the peak position. The measurement by 13C was done at -70°C. Thermogravimetric and differential thermal analysis (TG DTA) were performed at a heating rate of 3°C/min using a Rigaku model MJ800KT2.
Thin films were prepared by dipping the solution on ITO (indium tin oxide thin film), Ru=20 Q, coated glass substrates. These coated substrates were heat-treated at different temperatures in air.
Using an X-ray diffractometer (Rigaku model CN4148) with a thin film attachment, the thin films were identified as either crystalline or amorphous. Film thicknesses were measured using a high precision height meter (Kosaka model ET-IOS). Residual chlorine on the surface and in side of the thin film was investigated by X-ray photoelec tron spectroscopy system (JEOL-JPS-90SX) using Mg Ka (1253.6eV) radiation. Au (1mm4) was deposited on center of thin film by vacuum evaporation. Au 4f7/2 (83.8 eV) was used as reference. The thin film was etched by Ar ion sputtering.
The ECD consisted of transparent electrodes, elec trochromic material and electrolyte. The electrical and elec trochromic coloration properties of these thin films were measured. For electrical property measurements, an ITO coated glass substrate was used as the opposite electrode. The space between two electrodes was kept at 1mm by a rubber spacer. The solution electrolyte was H2SO4 mixed with ethylene glycol (0.1mol/l: H2SO4).
The coloration properties of these thin films were measured over the range 300 to 2000nm. An ITO coated glass substrate was used for reference.
Results
Hexa-tungsten chloride (WC16) was dissolved in ethanol in a dry box filled with dry N2 gas. This was because WC16 reacts violently with oxygen and moisture. The color of the solution was light yellow immediately after preparation, and changed from light yellow to dark blue soon. The color of the solution became light blue after several days. After about 30 d, the color of the solution became transparent. At this time, the pH was 1 and never changed. Figure 1 shows the transmittance spectra of the solution. There were several absorption peaks below 440 nm. Transmittance of the solution after 30 d was almost equal to that of ethanol. Furthermore, the several absorption peaks at short wavelengths became one. Figure 2 shows the DTA spectra for the (a) 2 d and (b) Fig. 3 ). The oxygen of the W-O bond is supplied by the ethanol, because preparation of the solution was done in a dry box filled with dry N2 gas. Chlorine ions released from WC16 isolate the protons to be released from ethanol, and assist in producing ethoxy groups. There was a small amount of absorption due to stretching vibration of the W-O bond in the FT-IR spectrum of the blue solution.
In FT-IR spectra of the reacted solution, there was large ab sorption due to stretching vibration of the W-0 bond. The 13C-NMR spectrum of the solution was spread out in room temperature measurement. The FMW of the peak became narrow at low measurement temperatures. The shift of 13C (-O-CH2-) in a weak magnetic field was greater than that for CH3-. The effect of the carbon is increased by adjoining oxygen (Fig. 5) . When the molar ratio of the WC16 with respect to ethanol was increased, the -O-CH2 peak shifted greatly. It increased until WCl6: C2H5OH=1: 6. It is ex pected that ethoxy groups in the solution can be exchanged for the chlorine of WC16.
In the usual method, metal alkoxides are synthesized directly by reaction of reactive metal and alcohol. When an alkoxide is composed of low reactive metal, a metal chloride is spent. This is because metal chloride has high reactivity and solubility in alcohol.
Klejnot11) and Hocker and Jones12) reported WC16 and ethanol reaction. Klejnot reported that tungsten atoms were reduced from VI to V when WC16 was dissolved in ethanol. This reduction of tungsten was caused by chlorine gas produced in the solution. Moreover, it was presumed that the exothermic reaction, when WC16 was dissolved, ethanol was caused by oxidation of alcohol. •oe WO3, •¡ITO substrate. Fig. 8 . Transmittance spectra of the thin films.
-----transparent , --blue (3V , 1s), dark blue (3V, 3s), brown (3V, 5s).
(5) Pure WC16 alcohol solution shows slow limited solvolysis at room temperature, up to a low concentration of HCl, with a blue (methanol) or red (ethanol) color. And it is reported that sodium iodide in acetone exchanges all chloro ligands of tungsten. With sodium ethoxide in ethanol, a soluble complex is formed, formally composed of NaOC2H5 W (OC2H5) 5. Hocker and Jones12) also reported that WC16 and ethanol formed chloride alkoxides tungsten.
WC16+2C2H50H -* WC14(OC2H5)2+2HCl (6) WC16+WC14 (0C2H5)2 2WC15OC2H5 (7) However, they prepared W (OC2H5)6 by the method of Funk and Baumann13) using C2H5A1C12 metahesis catalyst. These chloride alkoxides and solutions, except W (OC256)6, were blue, red or yellow. In our experiments, WC16 also dissolved in ethanol reaction with an exothermic reaction. Therefore, color of the solution right after preparation was light yellow but quickly changed to blue.8) It is thought that the solution right after preparation formed chloride alkox ide tungsten. But, the solution was changed from blue to transparent.9) Pure tungsten alkoxide can be formed by ac celerated reaction of WC16 with ethanol.
WC16+xC2H5OH --WCl6-x (OC2H5)x (blue)+xHCl (8) WCl6-x(OC2H5)x+(6-x)C2H5OH --W (OC256)6 (transparent)+(6-x) HCl (9) 
